release strain measurements were conducted on the aerial roots of Ficus elastica roxb. to understand stress generation in roots. regardless of whether the roots are small roots that are directly attached to the ground (Type I), small roots that have merged with other roots without reaching the ground (Type II), or large roots that are directly attached to the ground (Type III), all gave negative strain values indicating that they were under tensile stress prior to measurements. Such strains were inversely affected by the strain gauge distance from the root attachment (either to the ground or to other roots) and by the root diameter. Tensile stresses emanated from the gelatinous fibers found near the pith of the roots.
Ficus species are hemi-epiphytic plants (Lüttge 1997) found in tropical and semitropical regions. They use their host to overcome problems of low light conditions especially during the early stages of development where competition for sunlight is harsh (ramirez 1977) .
In normal woody roots, mechanical disturbance could be overcome through adaptively altering their morphology and wood deposition patterns (niklas 1999) . For aerial roots that are more flexible and more succulent, it is unlikely that they would behave in the same way as woody roots. considering the anatomical observation of Zimmermann et al. (1968) on the occurrence of tension wood-like cells in the roots of Ficus benjamina L., it was highly probable that these specialized cells are the ones producing the stress. However, verification is still needed to ascertain whether they were true tension wood fibers that are similar to the gelatinous fibers found in leaning stems of hardwood species. Gelatinous fibers (G-fibers) with their small microfibril angle and high crystallinity are capable of generating high longitudinal tensile stresses at the cellulose microfibril level (Okuyama et al. 1994) .
To better understand the unique behavior of Ficus plants, detection of the presence of growth stresses within their aerial roots was conducted by means of the released strain technique. Structural evaluations as well as microfibril angle measurements were also performed in order to determine the stress origin.
mATErIALS And mEThodS

Samples
A huge tree of Balete (Ficus elastica roxb.) that was at least 30 m tall, growing wild behind the university of the Philippines Los Baños health Service building was used in this study. Three types of roots were noticed ( Fig. 1 ): small roots (0.5-5 cm) that were directly attached to the ground (Type I); small roots (0.5-5 cm) that have merged with other roots without reaching the ground (Type II); and large roots (6-13 cm) that were directly attached to the ground (Type III). From these types, roots of different diameters were randomly selected. 
Strain measurements
Longitudinal released strain measurements were conducted following the procedures of Abasolo et al. (1999) . using a cutter, the bark of the roots was carefully removed without damaging the vascular cambium. on top of the cambium, 4 mm strain gauges were attached parallel to the length of the roots. Strain was released by making a transverse cut near the tip and base of the gauge. Finally, the amount of strain released was measured using a strain meter.
The diameter of the roots as well as the distance of the strain gauges from the point of attachment, i.e., ground or other roots, were noted. The samples were then collected and brought back to the laboratory for anatomical and microfibrillar angle evaluation. For each root type, 10 samples were measured.
Anatomical evaluation
For medium-size roots, 1 cm 3 edge-edge sample blocks were prepared. After standard sample preparation, ~20-35 μm thick cross sections were cut with a sliding microtome. The sections were stained with safranin and fast green, mounted on a clean glass slide and digital images were taken using a digital microscope. From these images, the gelatinous fiber (G-fiber) distribution from the pith to the bark of the roots was determined following the procedures of Abasolo et al. (2004) . Average values of 5 measurements were used in the evaluation.
Microfibril angle across the radius of the roots
Parallel to the sample blocks used in the anatomical evaluations, 2 cm long edge-edge specimens across the radius of the roots were processed. using a sliding microtome, 80 µm thick tangential sections were sliced off. With a Xd-d1w Shimadzu X-ray diffractometer, X-ray micrographs were acquired and from them, the microfibril angle (MFA) distribution across the radius of the roots was computed following cave's formula (1966) . Average values coming from 5 measurements were used in the evaluation.
Stress evolution
roots of approximately the same diameter and of the same length were randomly selected to observe the development of stress. Just before touching the ground, the free root was collected and its cross section was examined using a light microscope. The 1-week-root was allowed to touch the ground for one week, after which it was again collected. Finally, the 2-week-root was allowed to mature for another week and anatomical observations were again performed. rESuLTS 
And dIScuSSIon
Strain results
All the roots gave negative strains or all have contracted after the stress was released (Fig. 2) . This means that they were all under tension prior to measurements. Large strain values were observed for both Types I and II roots with an average strain of approximately 0.19% and 0.18%, respectively. Type III, on the other hand, gave only a minimal strain of 0.06%. This would imply that both type I and II roots generated more or less the same amount of strain irrespective of where they were attached and that the strains produced were higher than the strain formed by the type III roots. The box and whisker plots (Fig. 2 ) also showed that variation between points was more prominent in the former two root types than in the latter.
Factors that influence the amount of strain
The mode of attachment of the roots could have influenced the degree of strain development. considering type II roots, interlocking directly with other roots that were already established could have enabled them to easily attain the grip they need to sup- port the crown. Such firm attachment would have been a little difficult for types I and III roots because the soil that they adhere to could sometimes get loose due to earth movement, soil aeration etc. nonetheless, they would eventually attain the grip they need to stabilize themselves. however, it seems that such a parameter did not give any significant interaction with the amount of strain (Fig. 3) . The relationship between the distances of the strain gauges (measuring points) to the point of attachment and the amount of strain was very obvious. Apparently, the two were inversely correlated such that as the measuring point gets closer to the point of attachment, the observed compressive strains tend to increase. This was probably related to the load transfer rate of the roots wherein the closer the measuring point to the source of the strain, the stronger the strain intensity and vice versa. Strain was inversely related to root diameter regardless of root type (Fig. 4) . It seems that small diameter roots gave higher strain values than big diameter roots in spite of their mode of attachment. The possible influence of root age on the amount of strain cannot be ruled out. It was highly probable that smaller roots -being younger -were more aggressive in attaching themselves than the bigger diameter mature roots. Structural evaluation would further clarify these relationships. 
Anatomical analysis
Gelatinous fiber-like cells were abundant near the pith portion of the roots (Fig. 5) . This was based on the staining characteristics of the tissues. This confirms the similarity in structure of the aerial roots of Ficus elastica and F. benjamina. Although not common in plant roots (Patel 1964) , the tissue formed a concentric ring surrounding the pith in the same fashion as growth increments. However, one ring does not reflect one growing season.
Further evaluation showed that the secondary wall of these fibers was loosely attached to its primary wall (Fig. 6) . The bluish pigmentation after fast-green staining positively showed the presence of high levels of cellulose in their walls, similar to the characteristics of G-fibers found in wood. It was interesting to note that the G-fiber Figure 5 . cross section of a Type I root; 8 = boundary. Scale bar = 1 mm. - Figure 6 . magnified view of the gelatinous fibers. V = vessel, P = parenchyma, R = wood ray, GF = gelatinous fibers. Scale bar = 0.1 mm. - Figure 7 . Radial distribution of the gelatinous fibers in Type I roots; 8 = boundary. Scale bar = 0.5 mm.
Pith Cork proportion tends to decrease from the periphery to the pith of the roots (Fig. 7) . Abundance of G-fibers starts from ~2 mm distance from the pith center with a maximum concentration of about 40% and runs across the radius of the roots up to ~6 mm distance from the pith center (Fig. 8) . After which normal fibers were produced. Coinciding with the G-fiber distribution, the microfibril angle (MFA) was also very low ranging from 7-9°; then a sudden increase was noticed after the 4 mm radial distance that reached up to ~30° at the peripheral region (Fig. 9) . This showed that in terms of MFA, the G-fibers in Ficus roots were again similar to tension wood (yamamoto et al. 1993) . 
Stress generation in the Ficus roots
Although chemical evaluation was not performed, because of their staining characteristics, G-fibers of Ficus roots were believed to contain high concentration of cellulose (Bowling & Vaughn 2008) . coupled with a low mFA, tensile stresses would likely be generated through the contraction of crystallizing cellulose during crystallization (Kubler 1987 ) specifically in the cell maturation phase (Yamamoto et al. 2002) . This would explain the high contractive strain observed in the roots that emanated from the gelatinous fibers near its core. And as the root grows in diameter, maybe after establishing their grip to the ground or to other roots, gelatinous fiber production diminished and normal fiber production would take place. That was why small-diameter roots have larger tensile stresses than large-diameter ones.
Stress evolution
All observations suggest that stress was produced during the initial stages of root development. To substantiate this conclusion, anatomical observations were made for a root that did not touch the ground, a 1-week-root that was attached for one week and a 2-week-root that was attached for two weeks. The free root type did not develop any G-fibers while a small fraction of G-fibers was noticeable in the 1-week-root type (data not shown). In the 2-week-root, the G-fiber ratio had increased. This further proved that gelatinous fiber production in Ficus roots is a stimuli-driven phenomenon, attachment/anchorage being the stimulus as originally noted by Zimmermann et al. (1968) . Although this was still an estimate, because the samples were not monitored every day, it could be said that the evolution of G-fibers in roots took approximately two weeks. This is especially true during the rainy season when root growth is at its peak.
It was highly probable that Ficus elastica roots produced G-fibers in order to create enough tensile stresses to anchor themselves to the ground. Subsequently, Ficus could kill the host by limiting its access to sunlight.
concLuSIon Based on the concentration of G-fibers near the pith, it could be argued that tensile stresses were produced during the early stages of root development. G-fiber production continues until the roots have stabilized themselves on the ground or through merger with other roots. After which normal fiber production would take place. In addition, it can be said that if for trees, gravitational and mechanical impulses trigger reaction wood formation (Wilson & Archer 1977) , for Ficus roots, anchorage or attachment initiates G-fiber production and stress generation. dEdIcATIon This paper is dedicated to our mentor and, most of all, our friend, the late dr. Professor Takashi okuyama.
